Abstract Taste receptors on the tongue communicate information to the brain about the nutrient content or potential toxicity of ingested foods. However, recent research has now shown that taste receptors are also expressed far beyond the tongue, from the airway and gastrointestinal epithelia to the pancreas and brain. The functions of many of these so-called extraoral taste receptors remain unknown, but emerging basic science and clinical evidence suggests that bitter and sweet taste receptors in the airway are important in sensing bacteria and regulating innate immunity. This review focuses on the role of bitter and sweet taste receptors in human airway innate immunity and the potential clinical relevance to airway infections. The T2R38 bitter taste receptor in sinonasal cilia detects bitter bacterial quorum-sensing molecules and activates nitric oxide-dependent innate immune responses. Polymorphisms that underlie T2R38 functionality also appear to be involved in susceptibility to upper respiratory infection and chronic rhinosinusitis (CRS). Bitter and sweet receptors in specialized sinonasal solitary chemosensory cells control antimicrobial peptide secretion, which may have important implications for airway infections in CRS patients as well as patients with diabetes mellitus. Future research on taste receptors in the airway has tremendous potential to identify immune mechanisms involved in host-pathogen interactions and thus reveal novel therapeutic targets.
Introduction
Understanding the regulation of respiratory innate immunity is critical to elucidating how pathogens evade these mechanisms during infection. The airway is constantly challenged by inhaled microbial pathogens. The "frontline" of respiratory defense is the sinonasal cavity [1, 2] . Failure of sinonasal defenses often results in chronic rhinosinusitis (CRS), a syndrome of complex etiologies involving stasis of sinonasal secretions due to ineffective mucociliary clearance (described below) and subsequent chronic infection and/or persistent inflammation [3] . CRS creates a tremendous economic burden, with direct healthcare costs of~$6 billion annually in the USA [4] [5] [6] [7] [8] . Moreover, patients requiring sinus surgery for CRS report worse quality-of-life scores for physical pain and social functioning than patients suffering from chronic obstructive pulmonary disease, congestive heart failure, or angina [9] [10] [11] .
Conventional management of CRS often involves antibiotics, with CRS accounting for approximately one in five antibiotic prescriptions in adults [4] [5] [6] [7] . Thus, CRS is likely a major contributor to the ongoing crisis of antibiotic resistance [12, 13 ]. An attractive alternative therapeutic strategy is to eradicate infections by stimulating endogenous host defenses, but this requires a clearer understanding of sinonasal immune mechanisms. Recent studies have linked sinonasal innate immunity with both T2R bitter and T1R sweet taste receptors, identifying them as novel therapeutic targets for treatment of CRS and other respiratory infections.
Extraoral bitter and sweet taste receptors T2R bitter and T1R sweet taste receptors are G-proteincoupled receptors named because of their roles in type II taste receptor cells on the tongue. T2Rs detect bitter chemicals like toxic plant alkaloids (e.g., strychnine), while T1R sweet receptors detect sugars (e.g., fructose, glucose, sucrose) [14, 15] . However, expression of T1R and T2R receptors extends far beyond the tongue to organs as diverse as the brain, gut, pancreas, bladder, and testes; these have been termed "extraoral" taste receptors [14, 15] . Because many medicinal compounds have a bitter taste [15] , extraoral T2Rs may mediate some important off-target drug effects [16] , emphasizing the need to understand extraoral taste receptor function, including their physiological roles and ligands. Because many extraoral taste receptors never come into direct contact with ingested food, many known agonists (i.e., bitter products from edible plants) are probably not relevant to their function. It has instead been hypothesized that extraoral T2R receptors detect bitter products from pathogenic bacteria or fungi, which would fit with their widespread distribution throughout the body.
Initial support for this came from studies of solitary chemosensory cells (SCCs) in the mouse nose, which express both T2R bitter and T1R sweet receptors [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Mouse nasal SCCs respond to acyl-homoserine lactones (AHLs) [21] , which are used as quorum-sensing molecules by gramnegative bacteria, including the common airway pathogen Pseudomonas aeruginosa [27, 28] [33] . Genetic variation in T1R sweet receptors also plays an important role in sweet taste preference [34] [35] [36] . If genetic variation in T2R and/or T1R receptor function also causes variation in how cells from different individuals sense and respond to pathogens, this may partly explain long-standing evidence that there is a genetic basis to respiratory infections [37] [38] [39] . Below, we review recent studies that support this hypothesis by demonstrating that (1) at least one human T2R isoform recognizes bacterial products, (2) genetic variation in this T2R correlates with sinonasal infection and CRS, and (3) T1Rs also regulate sinonasal innate immunity.
T2R bitter taste receptors in ciliated cells
Evidence of taste receptor expression in the airway first came in 2009, when researchers demonstrated that human bronchial cells express T2Rs that, when activated with known bitter agonists, stimulate calcium responses to increase ciliary beating [40] . Interestingly, these T2Rs are localized within motile cilia [40] , which line much of the airway epithelium and drive mucociliary clearance [3, 41] (Fig. 1) . Motile cilia were previously thought to be responsible only for the movement of fluid, as in the airway [42] and during embryonic development [43] . However, this study demonstrated that motile cilia are also "chemosensory organelles"; the authors hypothesized that T2Rs in bronchial cilia protect the airway against inhaled noxious irritants [40].
More recently, it was discovered that sinonasal epithelial cells also express T2Rs. One isoform, T2R38, is likewise localized to motile cilia [44, 45] (Fig. 2) . When ciliated epithelial cells were stimulated with known T2R38-specific agonists, such as phenylthiocarbamide (PTC), they exhibited calcium-dependent activation of nitric oxide (NO) synthase (NOS), driving robust NO production [44] . NO production depended on two important components of the canonical taste signal transduction cascade [44] , the TRPM5 ion channel [46] and phospholipase C isoform β2 (PLCβ2) [14, 15] . NO production by airway epithelial cells, including ciliated cells, is believed to be important for preventing airway infection [47, 48] , because the NO radical and its derivatives can damage bacterial membranes, enzymes, and DNA [49, 50] . The NO produced during T2R38 activation in sinonasal epithelial cells in vitro was found to diffuse into the airway Fig. 1 Mucociliary clearance (MCC) and respiratory epithelial innate immunity. Inhaled pathogens, such as viruses, bacteria, and fungal spores, are trapped by mucus created by sticky mucin macromolecules secreted by goblet cells of the respiratory epithelium. These trapped microbes are then removed from the airway by the process of mucociliary transport, the airway's primary physical defense against inhaled pathogens and irritants. Constant beating of motile cilia drives the pathogen-laden mucus toward the oropharynx, where it is then cleared out of the airway by expectoration or swallowing. Mucociliary clearance is also dependent upon proper regulation of ion and fluid transport by epithelial cells and exocrine glands (not shown), which controls the mucus viscosity. Mucociliary transport is complemented by more direct mechanisms of pathogen inactivation and/or killing, including the generation of reactive oxygen and nitrogen species (ROS and RNS, respectively) and the production of antimicrobial peptides. During more chronic exposure to pathogens, epithelial cells secrete cytokines to activate inflammatory pathways and recruit dedicated immune cells surface liquid (ASL) and be directly bactericidal against P. aeruginosa [44]. Additionally, NO increases ciliary beat frequency by activating guanylyl cyclase and protein kinase G, which can directly phosphorylate ciliary proteins [42] .
This initial T2R38 study also identified two major P. aeruginosa AHLs, N-butyryl-L-homoserine lactone (C4HSL) and N-3-oxo-dodecanoyl-L-homoserine lactone (C12HSL) [28] , as T2R38 agonists [44] . Sinonasal epithelial cells stimulated directly with AHLs or with conditioned medium from wild-type P. aeruginosa produced NO in a T2R38-dependent manner. However, conditioned medium from a P. aeruginosa strain that lacks AHLs (ΔlasI, ΔrhlI PAO-JP2; [51]) did not activate NO production. Because many types of gram-negative bacteria secrete AHLs [28], T2R38 is likely part of a general surveillance mechanism to detect invading gram-negative bacteria. A schematic of the T2R38 innate immune pathway is shown in Fig. 3 .
Human T2R38 functionality is altered by several wellstudied polymorphisms in the TAS2R38 gene [34, 52] . Two polymorphisms are common in Caucasian populations. One encodes a functional T2R38 and the other encodes a nonfunctional T2R38. These polymorphisms result in different amino acids at positions 49, 262, and 296. The functional T2R38 contains proline (P), alanine (A), and valine (V) residues and the nonfunctional T2R38 contains alanine (A), valine (V), and isoleucine (I) at these positions, respectively [52] . Loss of the V at the third position of the AVI variant likely prevents receptor activation [34, 52] . Homozygous AVI/AVI individuals (~30 % frequency in Caucasians) are "nontasters" for T2R38-specific agonists such as PTC and 6-propyl-2-thiouracil (PROP) [52] . Homozygous PAV/PAV individuals (~20 % frequency in Caucasians [52]) are "T2R38 supertasters" that perceive PTC and PROP as intensely bitter. Please note that, when used to describe PAV/PAV individuals, the term "supertaster" only refers to T2R38 function, as measured using PTC or PROP. Heterozygote PAV/AVI individuals have varying intermediate taste levels [34, 52] . These natural T2R38 variants were experimentally exploited by growing primary sinonasal cells from genotyped PAV/PAV "supertasters" and AVI/AVI "nontasters." NO-dependent responses correlated with these polymorphisms. PAV/PAV "supertaster" cells had much higher levels of NO production, increased mucociliary clearance, and more efficient bacterial killing in response to either PTC or AHLs compared with cells from AVI/PAV heterozygote or AVI/AVI "nontaster" individuals [44] . TAS2R38 polymorphisms alter how efficiently sinonasal epithelial cells respond to gram-negative bacteria [44, 45] . ) signal that activates nitric oxide synthase (NOS)-dependent nitric oxide (NO) production [44, 45] . NO production has two distinct effects. The first is an increase in mucociliary transport [44, 45] caused by activation of the protein kinase G (PKG) pathway [42] to increase ciliary beating. NO additionally diffuses directly into the airway surface liquid, where it directly permeabilizes and kills bacteria [44] This initial study also found that PAV/PAV "supertasters" had a lower frequency of gram-negative sinonasal infection than PAV/AVI or AVI/AVI patients with lower levels of T2R38 function [44] . Further clinical studies have now validated the relevance of TAS2R38 genotype to sinonasal disease [53] [54] [55] . A retrospective study [53] was first carried out in which TAS2R38 genotyping was performed on sinonasal tissue samples from 28 patients who had undergone primary functional endoscopic sinus surgery (FESS) at the Hospital of the University of Pennsylvania and Philadelphia Veterans Affairs Medical Center. Out of these patients, 3.6 % were PAV/PAV, 50 % were PAV/AVI, and 46 % were AVI/AVI, which was significantly different from the approximate expected distributions of 20 % PAV/PAV, 50 % PAV/AVI, and 30 % AVI/AVI (P<0.043 by χ 2 analysis) [53] . Only one patient out of 28 was a PAV/PAV "supertaster," suggesting that "supertasters" are less likely to need surgical intervention for CRS. In a subsequent prospective study of TAS2R38 genotype in 70 patients undergoing primary FESS at the same institutions [54] , there was a statistically significant difference in the frequency of AVI and PAV alleles compared with the general population. Distributions of AVI/AVI, AVI/PAV, and PAV/PAV alleles were 37, 54, and 8.5 %, respectively, in the CRS patients compared with 29, 51, and 20 %, respectively, in the general Philadelphia population (P<0.0383 by χ 2 analysis) [54] . No significant differences were found in the allele distribution with respect to allergies, asthma, nasal polyposis, aspirin sensitivity, diabetes, smoking exposure, or other risk factors, suggesting that TAS2R38 is an independent risk factor for CRS requiring FESS.
Another study was carried out with the goal of verifying if taste receptor polymorphisms correlate with CRS. Two separate Canadian CRS populations were compared with one control population [55] , using previously collected pooling-based genome-wide association data that was screened for single-nucleotide polymorphisms (SNPs) in t a s t e r e c e p t o r s , i n c l u d i n g t h e TA S 2 R 3 8 I 2 9 6 V (rs10246939) thought to underlie the difference in functionality between PAV and AVI variants. The first population (genetics of chronic rhinosinusitis population 1 [GCRS1]) comprised 206 cases with severe CRS, defined as patients with either a history of more than one FESS for CRS regardless of outcome or persistent signs or symptoms of CRS despite a previous FESS procedure. The GCRS2 population comprised 408 CRS patients with early-onset nasal polyposis but who had had sweat chloride testing to rule out cystic fibrosis. A difference in I296V frequency of 11 % (GCRS1) and~15 % (GCRS2) in the two CRS groups compared with control individuals was found, confirming that this SNP is associated with CRS. Three other missense variants in TAS2R genes were associated with CRS (frequency difference ≥10 % between CRS and control), one in TAS2R14 (rs1015443) and two in TAS2R49 (rs12226920 and rs12226919) [55] . Roles for T2R14 or T2R49 in sinonasal immunity require further research.
Continued studies are still ongoing to validate the role of TAS2R38 in CRS, including patient outcomes. However, existing data have already established the T2R38 pathway as a potential therapeutic target to promote immune responses in patients with upper respiratory infections. However, because PAV/AVI and AVI/AVI individuals would be suboptimally responsive to a T2R38 agonist, it is necessary to further define the T2R38-mediated signaling pathway as well as identify other T2Rs that activate similar responses.
T2R bitter and T1R sweet receptors in sinonasal solitary chemosensory cells
Taste receptors are also expressed in specialized solitary chemosensory cells (SCCs), which express both T2Rs and T1Rs and populate the sinonasal cavity at a frequency of approximately 1 in 100 cells [17, 18, [20] [21] [22] [23] [24] [25] [26] 56] . The term "solitary chemosensory cell" was first used to describe chemosensory epithelial cells found in fish [57] [58] [59] , which exhibit an elongated morphology with heavy neuronal innervation. Morphologically similar cells were later discovered in the upper respiratory tracts of the alligators [60] , rodents [17, 19-22, 61, 62] , and humans [23] [24] [25] . These cells are now classified as SCCs based on their morphology as well as expression of chemosensory signal transduction components, including T2R bitter and T1R sweet "taste" receptors, as will be described below.
The responses of mouse nasal SCCs to bitter compounds such as denatonium or bacterial AHLs require similar molecular components important for oral taste receptor signaling, including Gα-gustducin, PLCβ2, and TRPM5 [17, 20- [71] and amiloride [25, 72] . These anatomical and physiological data show that human nasal SCCs co-express both bitter and sweet taste receptors, functioning in distinct, antagonistic physiological roles, the significance of which will be further discussed below.
T2R receptors in SCCs regulate antimicrobial peptide secretion and local innate immunity
Unlike T2R38 stimulation, SCC stimulation had no effect on NO production [25] . Instead, SCC T2Rs activated robust calcium-dependent secretion of antimicrobial peptides (AMPs), including β-defensins 1 and 2, from the surrounding epithelial cells [25] . This AMP secretion required gapjunction propagation of the calcium wave from the SCC to the surrounding ciliated and nonciliated epithelial cells [25] . These AMPs were active against both gram-positive (Staphylococcus epidermis and methicillin-resistant Staphylococcus aureus) and gram-negative (P. aeruginosa and Klebsiella pneumoniae) bacteria [25] . The majority of antimicrobial peptide secretion during SCC T2R stimulation occurred quickly (~5 min), which contrasts with the enhanced AMP production seen over hours in response to Toll-like receptor (TLR) stimulation [25] . TLRs in sinonasal epithelial cells upregulate messenger RNA for AMPs [73, 74] . ALIs lack neuronal innervation and cannot be used to study SCC interactions with neurons. Mice must be utilized with caution, as the data demonstrate that the localized SCC AMP responses are not present in the mouse, a major species-specific difference. As experiments in living human patients are difficult, clinically relevant in vivo studies of SCCs may require the use of a model that better recapitulates human sinonasal physiology, potentially the rabbit [75] , sheep [76] , or pig [77] .
Potential clinical relevance of T1R receptors in SCCs
The inhibition of T2R responses by T1R sweet receptors in response to glucose [25], as described above is intriguing. Interestingly, normal ASL glucose is~0.5 mM [25], which is sufficient to activate human airway T1Rs and inhibit SCCmediated AMP secretion by approximately half [25] . While this concentration is 10-100× lower than concentrations required to activate heterologously expressed T1R receptors in vitro [70] or sweet taste in vivo [78] , increased sensitivity of T1Rs has also been observed in pancreatic β-cells [79] and gut endocrine cells [80] . We hypothesize that oral T1R sweet receptor sensitivity is tuned to the appropriate higher sugar concentrations found in foods, while extraoral T1R sweet receptor sensitivity is tuned toward lower sugar concentrations more physiologically relevant to the tissues in which they are found. The mechanism(s) underlying this is unknown, but emerging evidence from β-cells points toward changes in subunit stoichiometry [81] .
T1R sweet receptor attenuation of T2R-mediated AMP secretion may have important clinical relevance. We hypothesize that airway T1R sweet receptors function as a "rheostat" to control the magnitude of SCC/T2R-mediated AMP secretion depending on the glucose concentration in the ASL, which may be an indicator of the onset of infection. In vivo, sinonasal T1R2/3 sweet receptors would be activated by the normal ASL glucose (0.5 mM) of healthy individuals [25] . The T1R sweet receptors in SCCs may function to desensitize SCC T2Rs to bitter compounds secreted by some bacteria during low-level colonization in healthy individuals. However, during infection, bacterial consumption of ASL glucose may reduce ASL glucose concentration and allow T2Rs to mediate an appropriate defense response. This model is presented graphically in Fig. 4 .
This hypothesis remains to be fully validated but may have clinical importance in CRS and diabetes. Glucose is present in ASL because it tonically leaks through the epithelium, but the concentration is kept~10-fold below serum levels by constant uptake via apical glucose transporters on the epithelial cells themselves [82] [83] [84] . Steady-state ASL glucose results from the balance of leakage and uptake across the epithelium [82] [83] [84] ; upsetting this balance can alter ASL glucose concentration. In diabetic patients, hyperglycemia results in increased glucose leak and elevated ASL glucose [84, 85] . CRS patients also have a glucose concentration in nasal secretions that is three to fourfold higher than healthy individuals [25] , but this is not correlated with blood glucose [25] . The higher ASL glucose in CRS likely results from increased leak due to breakdown of the epithelial barrier secondary to chronic infection and inflammation [82] . Pro-inflammatory mediators are known to increase paracellular glucose flux in human bronchial cells and disrupt tight junctions in human sinonasal cells in vitro [86, 87] .
Diabetics may be more prone to airway infections than nondiabetics, potentially partly due to higher ASL glucose [82, 88] . Recently, a retrospective study of CRS patients correlated diabetics with a higher frequency of intraoperative microbiology cultures including gram-negative bacteria [89] . Previously, it was assumed that low ASL glucose promotes airway sterility by limiting nutrients available for bacterial growth [82] [83] [84] . However, higher ASL glucose in CRS or diabetic patients may also repress T2R-mediated SCC responses to bitter bacterial molecules through over-activation of T1R sweet receptors. If true, topical application of sweet receptor antagonists (e.g., lactisole) may restore normal sinonasal responses in some patients.
Another area requiring further study is whether polymorphisms in TAS1R genes, which can alter T1R responses to sugars [34-36], may play a role in susceptibility to respiratory infection. Increased sugar sensitivity in the airway might lead to increased repression of SCC-mediated AMP secretion. Investigation of this is strongly warranted by a recent study of Canadian CRS patients and healthy individuals showing allele frequency differences of >10 % for 16 different SNPs in TAS1R genes [55] .
Taste receptors in other airway cell types
Airway taste receptor expression is not limited to ciliated cells and SCCs. Table 1 contains a list of known taste receptors in the airway. Tracheal chemosensory cells in mice, termed "brush cells" due to their apical microvilli, also express T2Rs and respond to AHLs to mediate breath-holding responses controlled by ACh release and trigeminal neurons [90] [91] [92] [93] . A role for tracheal brush cells in humans has not yet been reported. Another major site of expression of T2Rs in the airway is bronchial smooth muscle cells, where they mediate bronchodilation [94] [95] [96] [97] . It remains unknown whether bronchial smooth muscle T2Rs respond to pathogens, yet-unidentified endogenous autocrine or paracrine signaling molecules, or both. 
Conclusions
It is becoming clear that T2R bitter and T1R sweet taste receptors are part of a novel pathogen detection network in the airway, where they are expressed in a variety of cell types and regulate multiple innate immune responses in both mice [17, [20] [21] [22] 26 , 45] and humans [25, 44] . Previously, it was proposed that the immune system is the human "sixth sense" [98] [99] [100] , because it detects invading pathogens similarly to the way the other senses (sight, smell, hearing, touch, and taste) perceive the outside world. From this perspective, it makes intuitive sense that our immune and taste systems utilize some of the same chemosensory receptors. The emerging and exciting field of extraoral taste receptors has tremendous potential to reveal novel insights into host-pathogen interactions and human disease in a variety of organ systems, including the airway. 
